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Abstract 

We present the results of a search for pulsed TeV emission from the Crab pulsar 
using 97 hours of data recorded with the high-resolution GRANITE III camera 
of the Whipple 10 m gamma-ray telescope. 

1. Introduction 



The Crab pulsar/nebula complex is one of the most studied objects in astrophysics 
with observations covering the complete detectable range of the electromagnetic 
spectrum, from radio waves to TeV gamma-rays. Given that pulsed emission 
from the pulsar is detected up to at least 10 GeV [2] and that only upper limits, 
well below the extrapolated spectrum, exist above ~100 GeV (for example [6]), a 
pulsed emission cut-off necessarily lies in between. Two main emission models, the 
polar cap model [7] and the outer gap model [4], compete to explain high-energy 
gamma-ray emission from pulsars. Although both predict spectral cut-offs within 
the 10-100 GeV regime; the polar cap model anticipates a steep super-exponential 
cut-off while the outer gap model allows for a more gradual simple-exponential 
turnover. As such, any clear detection of pulsed gamma-ray emission by ground- 
based Cerenkov detectors would favour the outer gap model. 

In 1999 the Whipple 10 m gamma-ray telescope was upgraded to hold a 
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finely pixelated camera comprising an array of 379 PMTs with a total field-of- 
view of 2.6°. Given the improved image characterisation of the new camera, the 
fact that all mirrors on the 10 m reflector were re-aluminized during the upgrade, 
and the abundance of Crab nebula/pulsar data, it was considered appropriate to 
undertake a renewed search for evidence of a pulsed gamma-ray signal. 

2. Gamma-ray Selection 

In the Crab pulsar analysis reported here a total dataset of 97.33 hours of on- 
source data, recorded in clear weather from January 2000 until February 2002, was 
examined. Prior to any gamma-ray selection analysis, all Cerenkov events were 
subjected to the standard Whipple pre-selection processing and image parame- 
terisation using a moment-fitting analysis. Two independent analysis techniques, 
Supercuts [8] and Kernel analysis [1], were used to select gamma-ray images from 
the dataset. In order to extract the optimum number of gamma-ray events, with 
maximum significance above background and over the widest possible range of 
energies, the selection criteria for both techniques were optimised in discrete el- 
evation and size bands using the complete dataset itself {size is a measure, in 
digital counts, of the total Cerenkov light in an image after standard image clean- 
ing). Although generally a source of bias, optimising on the dataset itself was 
not considered unreasonable in this C&SC, clS TeV gamma-rays from the direction 
of the Crab nebula are firmly established and the present work is a search for 
pulsed emission. Elevation and size banding were important in order to account 
for the effects of both elevation and size on the gamma-ray shape parameters, and 
to allow for changes in collection area and peak response energy of the telescope 
as a function of elevation. Figure 1 presents the telescope's collection cLFGcL clS db 
function of energy at 45° and 75° elevation for the Supercuts and Kernel analyses. 

The Kernel analysis was considered a useful complement to the standard 
Supercuts technique because its looser selection criteria allow for larger collection 
areas (Figure 1) at higher energies, and improved gamma-ray identification at 
lower energies [5], when compared to Supercuts. Using only those gamma-ray 
events selected by the band-specific selection criteria, described above, a temporal 
analysis was performed within each band and within all bands combined, to search 
for evidence of a periodic signal. 

3. Temporal Analysis 

The arrival times of Cerenkov events were registered by a GPS clock with an ab- 
solute resolution of 250 /is and an interpolated resolution of 0.1 /is. All times were 
transformed to the solar system barycentre using the JPL DE200 Planetary and 
Lunar Ephemeris. The phase of each event, with respect to the Crab pulsar radio 
ephemeris, was calculated using the Jodrell Bank monthly ephemeris updates. To 
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Fig. 1. Collection area curves for the Supercuts and Kernel analyses, for the 45° and 
75° elevation bands used in this analysis, with all size bands combined. 

test the barycentering algorithms, an optical signal of the Crab pulsar, observed 
on December 02, 1996, with the Multiple Mirror Telescope but passed directly 
through the electronics of the Whipple 10 m, was analysed. The resulting optical 
lightcurve showed clear evidence of a pulsed signal phase-aligned with the radio 
pulsations. This demonstrated the validity of the barycentering software and also 
the telescope's timing electronics which are essentially unchanged since 1996. 

4. Results 

No evidence for pulsed gamma-ray emission above 106 ± 20 GeV was found in 
the gamma-ray dataset used in this work. To calculate flux upper limits, we used 
the method of Helene [3] to estimate 99.9% upper limits for excess events within 
the pulsed phase profile seen by EGRET at lower energies [2]. That is, emission 
is assumed to occur in the phase range of the main pulse, phase 0.94-0.04, and 
the intrapulse, phase 0.32-0.43. Despite the selection of gamma-ray events by the 
Kernel analysis down to ~106 GeV, upper limits were only determinable within 
the elevation and size bands for which the peak in the telescope's differential 
response curve was greater than 160 GeV. This was due to sky-noise problems 
experienced at low energies, which complicate the effective collection area deter- 
mination. Studies to understand the effects of sky-noise, using simulations and an 
improved padding algorithm, are ongoing. The lowest energy integral upper limit 
in this work was estimated at < 570 x 10~ 13 cm _2 s _1 at a peak response energy of 
160 ± 30 GeV (estimated using data selected in the size: 150-250 digital counts, 
elevation: 71°-80° band). 

5. Discussion 

To constrain the pulsed gamma-ray spectrum using the lowest energy upper limit 
from this work, a function of the form 
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Fig. 2. Pulsed photon spectrum of the Crab pulsar showing the present result together 
with the model predictions and recent results by other groups. 



was used where 7=2.08 ± 0.03 is the EGRET pulsed emission power-law spectral 
index [2], E is the photon energy, and Eq is the cutoff energy. Extrapolating 
the EGRET power-law to our energies using equation 1, while simultaneously 
constraining it with our upper limit, yields a cut-off energy of E < 55 GeV 
for pulsed emission. Figure 2 shows our spectral point together with the model 
predictions and recent measurements by other groups. Although consistent with 
previous Whipple measurements [6], the present cut-off cannot offer discrimina- 
tion between the models. 
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